HIV-1 Tat is a major culprit for HIV/neuroAIDS. One of the consistent hallmarks of HIV/neuroAIDS is reactive astrocytes or astrocytosis, characterized by increased cytoplasmic accumulation of the intermediate filament glial fibrillary acidic protein (GFAP). We have shown that that Tat induces GFAP expression in astrocytes and that GFAP activation is indispensable for astrocyte-mediated Tat neurotoxicity. However, the underlying molecular mechanisms are not known. In this study, we showed that Tat expression or GFAP expression led to formation of GFAP aggregates and induction of unfolded protein response (UPR) and endoplasmic reticulum (ER) stress in astrocytes. In addition, we demonstrated that GFAP up-regulation and aggregation in astrocytes were necessary but also sufficient for UPR/ER stress induction in Tat-expressing astrocytes and for astrocyte-mediated Tat neurotoxicity. Importantly, we demonstrated that inhibition of Tat-or GFAP-induced UPR/ER stress by the chemical chaperone 4-phenylbutyrate significantly alleviated astrocyte-mediated Tat neurotoxicity in vitro and in the brain of Tat-expressing mice. Taken together, these results show that HIV-1 Tat expression leads to UPR/ER stress in astrocytes, which in turn contributes to astrocyte-mediated Tat neurotoxicity, and raise the possibility of developing HIV/neu-roAIDS therapeutics targeted at UPR/ER stress. . 2 The abbreviations used are: GFAP, glial fibrillary acidic protein; UPR, unfolded protein response; ER, endoplasmic reticulum; RIPA, radioimmune precipitation assay; PERK, PKR-like ER kinase; BiP, binding immunoglobulin protein; OASIS, old astrocyte specifically induced substance; 4-PBA, 4-phenylbutyrate; Dox, doxycycline; MTT, 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyl tetrazolium bromide.
HIV-1 infection of the CNS leads to neurologic disorders, such as the rare HIV-associated dementia, and the more prevalent mild form as minor cognitive motor disorder, which is collectively called HIV/neuroAIDS (1) (2) (3) . Although the introduction of combination antiretroviral therapy has increased the lifespan of HIV-infected individuals, it has failed to prevent HIV/neuroAIDS or to reverse the disease in most of the cases (4) . Because the underlying cellular and molecular mechanisms remain poorly understood, there are no effective therapies to reduce, prevent, or reverse HIV-mediated cognitive, learning, and memory dysfunction at the present time.
The primary cell targets of HIV-1 in the CNS are macrophages/microglia, whereas neurons are indirectly affected through mechanisms such as immune dysregulation, release of toxic soluble viral protein from HIV-infected cells, and the disruption of brain homeostasis (2, (5) (6) (7) (8) . HIV-1 trans-activator of transcription (Tat) is considered to be a major culprit for HIVassociated neurocognitive disorder (7) (8) (9) (10) . Tat is secreted from HIV-infected cells in the CNS, such as microglia/macrophages and astrocytes, and then taken up by other uninfected CNS cells (11) (12) (13) . Evidence has accumulated to suggest that Tat adversely affects neurons in both direct and indirect manners; direct Tat exposure alters neuronal integrity, disrupts homeostasis, and promotes oxidative stress (14 -16) . Tat could also affect neuronal survival indirectly by recruiting immune cells into the CNS or by altering neuronal gene expression profiles and intracellular signaling cascades (13, (17) (18) (19) (20) (21) (22) (23) . Recent studies have shown that astrocytes play important roles in mediating Tat neurotoxicity and HIV/neuroAIDS (24 -26) .
HIV-1 infection of astrocytes has been detected both in vivo and in vitro (25, 27) . It has been characterized as a consistent and restricted form, in which HIV-1 early proteins such as Nef and Tat are abundantly expressed, but not the structural proteins. Production of new HIV-1 virions in those cells is severely restricted through viral entry, transcription, and posttranslational modification and assembly (24, 28 -31) . As a compartment of the blood-brain barrier, astrocytes facilitate the invasion of HIV-1 into the CNS. HIV infection of astrocytes promotes secretion of cytokines/chemokines, which potentiates the infiltration of infected immune cells and spread of HIV and its toxic proteins among those cells in the CNS (26, (32) (33) (34) (35) (36) (37) (38) (39) . Importantly, the activation of astrocytes, also known as astrocytosis, which is characterized by increased accumulation of the intermediate filament GFAP, 2 has been a consistent hallmark of HIV/neuroAIDS. GFAP, an astrocyte-specific cell marker, is a critical regulator of Tat neurotoxicity (40 -45) , defining what is known as astrocyte-mediated Tat neurotoxicity. However, the underlying molecular mechanisms are largely unknown.
In the study, we aimed to determine the molecular mechanisms of astrocyte-mediated Tat neurotoxicity. Using a combined molecular, cellular, biochemical, and genetic approach, we demonstrated that GFAP up-regulation by Tat induced UPR/ER stress response in astrocytes and, as a result, led to astrocyte-mediated Tat neurotoxicity. These findings uncover a novel mechanism through which Tat interacts with GFAP/ astrocytes and contributes to HIV/neuroAIDS and illustrate the importance of maintaining appropriate GFAP expression in astrocytes in response to various neuronal insults or injury.
Results

Tat Expression Led to Increased GFAP Expression and Aggregation and Activation of Unfolded Protein Response (UPR)/Endoplasmic Reticulum (ER) Stress-Our previous studies have
shown that Tat expression alone is sufficient to activate GFAP expression and induce astrocytosis and astrocyte-mediated neurotoxicity (40, 46 -48) . Using primary astrocytes obtained from the doxycycline-inducible astrocyte-specific HIV-1 Tat transgenic mice (iTat), we confirmed that Tat expression resulted in GFAP up-regulation at the mRNA level ( Fig. 1A ). GFAP expression in astrocytes (day 0) exhibited a cytoskeletal array of fine filaments throughout the cytoplasm (Fig. 1C, top) , whereas astrocytes that were cultured in the presence of Dox (day 3) showed strong GFAP aggregates/inclusions around the nuclei, often with disruption of the normal filament architecture in the immediate vicinity of the inclusion (Fig. 1C, bottom) . To further determine intracellular GFAP localization and aggregation, we prepared cell lysates from astrocytes at day 0 and 3 of Dox treatments first using the regular RIPA buffer and then further extracted the pellets with RIPA buffer containing 1% Triton X-100. We then analyzed GFAP in the lysates from regular RIPA buffer (soluble) and from the RIPA buffer containing 1% Triton X-100 (insoluble) using Western blotting. As expected, GFAP in both astrocytes was detected almost exclusively in the insoluble fraction ( Fig. 1B) . These results indicate that Tat-activated GFAP expression leads to the formation of GFAP aggregates and alteration of the intermediate filament network in astrocytes.
Cells that cannot efficiently eliminate protein aggregates often induce UPR and ER stress (49) . Increased protein expression/aggregation and UPR/ER stress have been associated with several neurodegenerative diseases, such as Alzheimer, Huntington, Parkinson, and Alexander (50 -53) . Thus, we next determined whether Tat-induced GFAP expression would induce UPR/ER stress in astrocytes. iTat primary astrocytes were induced to express Tat and analyzed by Western blotting for binding immunoglobulin protein (BiP), an immediate ER stress marker, and phosphorylation of eIF-2␣, a ER stress marker activated through the PKR-like ER kinase (PERK)-me-FIGURE 1. Tat expression increased eIF-2␣ phosphorylation and Xbp-1 alternate splicing in astrocytes. A, iTat primary astrocytes were cultured in the presence of 5 g/ml Dox for 0 and 3 days. Total RNA was isolated for RT-PCR using Tat-and GFAP-specific primers. GAPDH was included as an internal control. B, cell lysates of the same cells were separated into Triton X-100-soluble (TS) and insoluble (TIS) fractions and analyzed for GFAP expression by Western blotting. ␤-Actin was included as an equal loading control. C, the same cells were immunostained for GFAP expression, followed by microscopic imaging. The cells were counterstained with 100 ng/ml DAPI for nuclei. D and E, iTat primary astrocytes were cultured in the presence of 5 g/ml Dox for 0, 1, 2, and 3 days. Cells were analyzed for total eIF-2␣, phosphorylated eIF-2␣ (p-eIF-2␣), or GFAP expression by Western blotting (D). ␤-Actin was included as an equal loading control. Total RNA was also isolated from the cells for RT-PCR using Xbp1-or Tat-specific primers (E). -Fold changes in protein expression over day 0 were the mean Ϯ S.D. (error bars) of three independent repeats and are shown to the right of the respective Western blots. GAPDH was included as an internal control. U and S, unspliced and spliced RNA-derived PCR DNA, respectively. *, p Ͻ 0.05. diated UPR pathway (54) . Increased BiP and eIF-2␣ phosphorylation was noted in astrocytes in which Tat was induced and GFAP was up-regulated ( Fig. 1D ). Meanwhile, increased alternate splicing of Xbp-1, another ER stress marker activated through the inositol-requiring enzyme 1 (IRE1)-mediated UPR pathway (55) , determined by RT-PCR, was also noted in those astrocytes ( Fig. 1E ). These results indicate that Tat expression led to activation of UPR/ER stress in astrocytes.
Activation of UPR/ER Stress in the Brain of Tat-expressing Mice-ER stress has been detected in the brain of HIV-infected subjects (56, 57) . However, the roles of Tat in induction of ER stress in the brain of HIV-infected subjects are not known. We then took advantage of the iTat mice (58) and determined the relationship between Tat expression and ER stress in the brain. As shown previously (46 -48) , increased GFAP expression was detected in the brain of Dox-treated iTat mice but not in the brain of PBS-treated iTat mice (Fig. 2, A and B ). In parallel, increased expression of ER stress transducer chaperone BiP (57) was noted in the brain of Dox-treated iTat mice but not in the brain of PBS-treated iTat mice. In addition, increased BiP and GFAP expression were mostly detected in the very same astrocytes. Similarly, increased BiP staining was detected in the brain of HIV-associated dementia (HAD) patients (supplemental Fig. S1 ). These in vivo results confirmed that Tat expression induced ER stress and suggest that Tat may contribute to UPR/ER stress in the brain of HIV-infected subjects.
Activation of UPR/ER Stress by GFAP Expression in Astrocytes-Next, we determined the relationship between Tat-induced GFAP expression and Tat-induced ER stress activation. To this end, we transfected primary mouse astrocytes with plasmids expressing Tat, human GFAP, or a human GFAP mutant R239H (239H) that is a common mutation associated with Alexander disease through formation of GFAP aggregates (50, 59) . Western blotting was performed to determine the ER stress status in those cells using ER stress markers BiP and other markers for UPR pathways, such as PERK (phosphorylated eIF-2␣) and activating transcription factor 6 (ATF6) (54) . Consistent with previous findings, Tat expression led to increased expression of BiP, phosphorylated eIF-2␣, and ATF6 when compared with the control (Fig. 3A) . Both GFAP and R239H expression also led to increased expression of BiP, phosphorylated eIF-2␣, and ATF6. In addition, those cells were analyzed by Western blotting for an astrocyte-specific ER stress marker, old astrocyte specifically induced substance (OASIS) (60) . Expression of Tat, GFAP, and R239H all led to increased OASIS expression ( Fig. 3 , A and D) and Xbp-1 alternate splicing ( Fig.  3B ). Similar effects of Tat, GFAP, and R239H expression on BiP, phosphorylated eIF-2␣, ATF6, and OASIS were obtained using human primary fetal astrocytes ( Fig. 3 , C and D). Meanwhile, increased levels of GFAP, BiP, ATF6, and OASIS mRNA were detected in Tat-transfected mouse primary astrocytes compared with the C3-transfected cells (Fig. 3E ). These results further confirmed that Tat expression induced ER stress in astrocytes and showed that GFAP expression alone was sufficient to activate UPR/ER stress in astrocytes.
Requirement of GFAP Expression for Tat-induced UPR/ER Stress in Astrocytes-Loss of neuronal integrity has been detected in the brain of HIV-infected individuals (61, 62) and HIV-associated dementia (HAD) patients (supplemental Fig.  S2 ). GFAP activation has been, at least in part, attributed to Tat neurotoxicity in vivo (46, 47) . Consistent with these findings, we found that ectopic GFAP expression or Tat expression in astrocytes caused neurotoxicity (supplemental Fig. S3, A and B) . In addition, using iTat/GFAP-null (iTat/GFAPϪ) mice, we demonstrated that GFAP knock-out significantly decreased astrocytemediated Tat neurotoxicity in vitro ( Fig. 4A ) and, accordingly, decreased BiP activation (Fig. 4, B and D) and formation of shortened dendrites (Fig. 4 , C and E) in the cortex of iTat mice.
To determine whether GFAP activation was directly involved in Tat-induced ER stress in astrocytes, we took advantage of the iTat/GFAPϪ mice and compared expression of ER stress markers in Tat-expressing astrocytes with GFAP (iTat) and without GFAP (iTat/GFAPϪ). As demonstrated above, increased expression of BiP, phosphorylated eIF-2␣, ATF6, and OASIS was detected in Tat-expressing astrocytes (iTat) over Tat induction (Fig. 5A ). In contrast, expression of BiP, phosphorylated eIF-2␣, ATF6, and OASIS showed no apparent changes in iTat/GFAPϪ astrocytes. Similarly, Xbp-1 alternate splicing showed increases in iTat astrocytes but no changes in iTat/ GFAPϪ astrocytes (Fig. 5B ). In addition, increased levels of GFAP, BiP, ATF6, and OASIS mRNA were detected in iTat astrocytes but not in iTat/GFAPϪ astrocytes at day 3 compared with those at day 0 ( Fig. 5C ). Taken together, these results show that GFAP expression was required for ER stress induction in Tat-expressing astrocytes and suggest a possible link among Tat-induced GFAP activation, ER stress in astrocytes, and astrocyte-mediated Tat neurotoxicity.
Involvement of ER Stress in Astrocyte-mediated Tat Neurotoxicity-To determine the relationship among Tat expression, GFAP expression, ER stress in astrocytes, and astrocyte-mediated Tat neurotoxicity, we first transfected U373.MG with cDNA3, Tat, or GFAP expression plasmid and treated the cells with or without 5 mM 4-phenylbutyrate (4-PBA), a chemical chaperone that is commonly used to alleviate ER stress (63, 64) . Compared with the cDNA3 control, both Tat and GFAP expression led to increased BiP expression and Xbp-1 alternate splicing, which was considerably decreased in cells treated with 4-PBA ( Fig. 6A ). In parallel, both Tat and GFAP expression led to neurotoxicity, which was also considerably inhibited with 4-PBA treatment (Fig. 6B ). Next, we used iTat astrocytes and first induced them to express Tat expression with Dox and then treated them with 0, 0.1, 1, 5, or 10 mM 4-PBA and determined BiP expression and Xbp-1 alternate splicing and the neurotoxicity. Compared with the control (day 0), Dox treatment led to increased BiP expression and Xbp-1 alternate splicing ( Fig. 6C ) and neurotoxicity ( Fig. 6D ). Treatment of iTat astrocytes with Dox and then with increasing concentrations of 4-PBA led to gradual decreases in BiP expression, Xbp-1 alternate splicing, and the neurotoxicity. These results suggest that 4-PBA protective effects are mediated, at least in part, through ER stress and UPR pathways.
To further determine the significance of ER stress in astrocyte-mediated Tat neurotoxicity, we determined the effects of 4-PBA on BiP expression, GFAP expression, and neuronal integrity using the iTat mice. WT and iTat mice were given Dox, followed by 4-PBA. The mouse brains were collected, sectioned, and immunostained. Compared with WT controls, iTat mice showed increased GFAP expression, BiP expression, and loss of neuron dendrites in the brain when given Dox (Fig. 7, A  and B) . Compared with the PBS control, 4-PBA treatment slightly decreased GFAP expression and BiP expression in the brain of WT mice but considerably decreased GFAP expression, BiP expression, and loss of neuron dendrites in the brain of iTat mice. Taken together, these results show that ER stress is directly linked to astrocyte-mediated Tat neurotoxicity and suggest that alleviating ER stress could serve as a potential therapeutic strategy for HIV/neuroAIDS.
Discussion
In this study, we first showed that HIV-1 Tat-induced GFAP up-regulation led to GFAP aggregation and activated UPR/ER stress in astrocytes (Figs. 1-3 and supplemental Fig. S1 ). We next demonstrated that GFAP expression was associated with Tat-induced UPR/ER stress in astrocytes and astrocyte-mediated Tat neurotoxicity (Figs. 4 and 5 and supplemental Fig. S3 ).
Furthermore, we demonstrated that inhibition of UPR/ER stress by the chemical chaperone 4-PBA alleviated astrocytemediated Tat neurotoxicity in vitro and in vivo (Figs. 6 and 7) , OCTOBER 21, 2016 • VOLUME 291 • NUMBER 43
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which might be considered as a potential therapeutic strategy in the treatment of HIV/neuroAIDS or other astrocytosis-related neurodegenerative diseases.
As an astrocyte marker, GFAP is a type III intermediate filament protein and is mainly located in cytoskeletal compartments (65) . Its expression is developmentally and pathophysiologically regulated (for a review, see Ref. 66 ). GFAP has 432 amino acids and a molecular mass of 55 kDa and is considerably conserved among species (67) . Like other cell type-specific intermediate filament proteins, GFAP forms extensive networks that maintain mechanical strength and shape of the astrocytes and provide dynamic platforms for the organization of the cytoplasm at a structural and functional level (68) . Specifically, GFAP is involved in astrocyte volume regulation (69), glial scar formation (70) , and anchoring glutamate transporters to the plasma membrane to facilitate neurotransmitter recycling (71) . In addition, GFAP plays a critical role in neuron-glia interaction and CNS morphogenesis (72, 73) . Recent findings suggest GFAP involvement in the long term maintenance of the brain architecture, proper function of the blood-brain barrier, and modulation of some neuronal functions (72, 74) . Mutations in GFAP cause Alexander disease (50, 75) , whereas higher levels of GFAP lead to premature death (49, 76) . Interestingly, both cases are pathologically characterized by formation of cytoplasmic GFAP aggregates or inclusions (49, 50, 75, 77) . Similar findings have been noted with other intermediate filament proteins, such as keratin and desmin (78, 79) . Thus, we evaluated the effects of Tat-activated GFAP expression on the organization of GFAP filaments in astrocytes and found that Tat-activated GFAP expression led to the formation of GFAP aggregates and alteration of the intermediate filament network in astrocytes ( Fig. 1) . These results provide the very first evidence to support the involvement of GFAP dysregulation in astrocyte-mediated Tat neurotoxicity.
Deposition of insoluble or misfolded protein aggregates in or around neurons is a common pathological feature of neurodegenerative diseases, such as Alzheimer disease, Parkinson disease, Huntington disease, Pelizaeus-Merzbacher disease, prion disease, and amyotrophic lateral sclerosis (50 -53, 80) . These aggregates are often cytotoxic and alter various cell signaling systems and neuron connectivity and cause neuron death through UPR and ER stress response (81, 82) . Interestingly, ER stress activation has only recently been detected in HIV-induced neurodegeneration (56, 57) . However, none of the neurodegenerative diseases have been linked to the formation of protein aggregates in astrocytes, specifically GFAP activation and aggregates and UPR/ER stress in astrocytes. In this study, we demonstrated that increased GFAP expression alone or in the presence of Tat expression activated all UPR/ER pathways, including PERK, IRE-1, ATF6, and OASIS (Figs. 1-3 and supplemental Fig. S1 ). These findings are indirectly supported by several early studies in the literature. Biochemical analyses have shown that ubiquitin and two small heat shock proteins (HSPs), ␣-B-crystallin and HSP27, are enriched in the GFAP aggregates resulting from higher levels of both wild-type GFAP expression and expression of GFAP mutants such as those in Alexander disease (83) . cDNA microarray profiling of the GFAP transgenic mouse brain has also revealed gene expression patterns of a stress response (49, 84) .
Astrocytes occupy about 20% of the cell volume of the gray matter and establish a highly dynamic reciprocal relationship with neurons that influence CNS growth, morphology, repair, and aging and provide numerous targets for neurotoxic chemicals and disease processes as well as therapeutic drugs (35) . Reactive astrocytes, or astrocytosis, characterized by increased GFAP expression, is one of the main characteristics of the astrocytic reaction commonly observed in CNS injury, as a result of either physical, pathological, or chemical insults (85) , and is also the most common and consistent hallmark of HIV infection of the CNS, even in the era of combination of antiretroviral therapy (86, 87) . Deletion and ectopic expression of GFAP (73, 77) , expression of GFAP mutants (50, 59) , and increased GFAP expression as shown in the context of Tat expression in this study and our previous studies (40, 46 -48, 58) all point to the utmost importance of maintaining an empirical level of GFAP expression for normal function of astrocytes. Thus, the findings from the current study strongly suggest that aberrant astrocytosis/GFAP up-regulation actively contributes to neurodegenerative diseases. In addition, we showed in the study that blocking ER stress with chemical chaperone 4-PBA relieved astrocyte-mediated Tat neurotoxicity both in vitro and in vivo (Figs. 6 and 7) . These results further validate the roles of GFAP activation-induced UPR/ER stress in astrocyte-medi-ated Tat neurotoxicity and confirm the roles of astrocytes in HIV/neuroAIDS and other neurodegenerative diseases. Moreover, these results provide a new strategy for development of therapeutics targeted at HIV/neuroAIDS and other astrocytosis-related neurodegenerative diseases.
Materials and Methods
Animals and Tissues-C57BL/6 mice were purchased from the Jackson Laboratory (Bar Harbor, ME). Doxycycline (Dox)inducible and astrocyte-specific HIV-1 Tat-transgenic mice (iTat) were created in our laboratory as described previously (58) . GFAP-null mice were generously provided by Dr. Albee Messing (University of Wisconsin, Madison, WI) (72) . iTat/ GFAP-null (iTat/GFAPϪ) mice were obtained by cross-breeding iTat mice with GFAP-null mice and characterized as described previously (88) . For Tat induction, iTat mice were injected i.p. with Dox (Sigma) for 7 days (58) . For 4-PBA (Sigma) treatment, mice were first injected i.p. with Dox for 4 days and then injected with Dox and 4-PBA (120 mg/kg) at 1-h intervals for 3 days. Then the mouse brain was collected 1 day after the final injection (64). Dox dosage was maintained at (80 mg/kg/day for all experiments. Cortical brain tissues from HIV- OCTOBER 21, 2016 • VOLUME 291 • NUMBER 43
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seronegative and HIV-infected and -demented subjects were kindly provided by Dr. Susan Morgello (Mount Sinai School of Medicine, New York) through the National NeuroAIDS Tissue Consortium.
Cells and Cell Cultures-Human astrocytoma U373.MG and human neuroblastoma SH-SY5Y were purchased from American Tissue Culture Collection (Manassas, VA). U373.MG cells were cultured in DMEM, whereas SH-SY5Y cells were cultured in 50% DMEM and 50% F-12 medium (Cellgro, Manassas, VA). Both culture media were supplemented with 10% FBS, 50 units/ml penicillin, and 50 g/ml streptomycin. Mouse primary astrocytes were isolated from the brain of embryonic day 18.5 embryos and induced to express Tat as described previously (40) . Human primary fetal astrocytes were prepared as described (89) . Primary astrocytes were cultured in F12-K medium (Cellgro) containing 10% FBS, 50 units/ml penicillin, and 50 g/ml streptomycin and passaged every 3-4 days.
Plasmids and Transfection-Plasmid pcDNA3 was purchased from Clontech (Mountain View, CA). Plasmids pGFAP-HA (46 -48) and pTat.Myc (90) were constructed as described previously. Plasmid phGFAP (R239H) was kindly provided by Dr. Michael Brenner (University of Alabama, Birmingham, AL); it expressed a human mutant GFAP with a change of amino acid residue at 239 from arginine to histidine. All cell transfections were performed using the standard calcium phosphate precipitation method.
Western Blotting-Cells were washed twice with ice-cold PBS and lysed in RIPA buffer (50 mM Tris⅐HCl, pH 7.4, 150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS, 2 mM PMSF, and 1ϫ protease inhibitor mixture (Roche Applied Science)) on ice for 20 min for whole cell lysates. Protein concentration of the cell lysates was determined using a Bio-Rad DC protein assay kit. Cell lysates were electrophoretically separated by 10% SDS-polyacrylamide gel, followed by probing with appropriate primary and secondary antibodies, ECL detection, and imaging using a Bio-Rad ChemicDoc imaging system (Bio-Rad). Mouse monoclonal ␣-GFAP (catalog no. AB5804), ␣-␤-actin antibodies (catalog no. A2228), and ␣-CREB3L1 (catalog no. AV39769; for OASIS detection) were from Sigma; rabbit polyclonal ␣-eIF-1␣ (catalog no. 9722) and goat polyclonal ␣-phospho-eIF-1␣ (catalog no. 9721) were from Cell Signaling (Danvers, MA); rabbit polyclonal ␣-ATF6 (catalog no. IMG-273) was from IMGENEX (San Diego, CA); mouse monoclonal ␣-KDEL (catalog no. SPA-827) was from Assay Designs (Ann Arbor, MI); rabbit polyclonal ␣-GFAP (catalog no. Z0334) was from Dako (Carpinteria, CA); and rabbit polyclonal ␣-Myc (catalog no. sc-789) and mouse monoclonal ␣-MAP-2 (catalog no. sc-32791) were from Santa Cruz Biotechnology, Inc. (Dallas, TX).
RNA Isolation, Semiquantitative RT-PCR, and Quantitative RT-PCR-Total RNA was isolated using a TRIzol reagent kit (Invitrogen) according to the manufacturer's instructions. RT-PCR was performed on a PE Thermocycler 9700 (PerkinElmer Life Sciences) using a Titan One Tube RT-PCR kit (Roche Applied Science). RT-PCR primers and programs for Tat were as follows: 5Ј-GTC GGG ATC CTA ATG GAG CCA GTA GAT CCT-3Ј and 5Ј-TGC TTT GAT AGA GAA ACT TGA TGA GTC-3Ј and a program of 50°C for 30 min, 94°C for 3 min, followed by 30 cycles of 94°C for 1 min, 50°C for 30 s, and 72°C for 45 s and one cycle of 72°C for 5 min; for GFAP: 5Ј-AAG CAG ATG AAG CCA CCC TG-3Ј and 5Ј-GTC TGC ACG GGA ATG GTG AT-3Ј and a program of 50°C for 30 min, 94°C for 3 min, followed by 25 cycles of 94°C for 1 min, 52°C for 1 min, and 68°C for 1 min and one cycle of 68°C for 7 min; for human Xbp-1 alternate spliced transcripts: 5Ј-TTA CGA GAG AAA ACT CAT GGC-3Ј and 5Ј-GGG TCC AAG TTG TCC AGA ATG C-3Ј; for mouse Xbp-1 alternate spliced transcripts: 5Ј-TTA CGG GAG AAA ACT CAC GGC-3Ј and 5Ј-GGG TCC AAC TTG TCC AGA ATG-3Ј and a program of 50°C for 30 min, 95°C for 3 min, followed by 35 cycles of 95°C for 1 min, 58°C for 30 s, and 72°C for 30 s and one cycle of 72°C for 5 min.
For quantitative RT-PCR, cDNAs were synthesized and used for SYBR Green quantitative PCR (Thermo Fisher Scientific) with a program of 50°C for 30 min, 95°C for 3 min, followed by 35 cycles of 95°C for 1 min, 58°C for 30 s, and 72°C for 30 s and one cycle of 72°C for 5 min. Primers were as follows: 5Ј-TCT AAG TTT GCA GAC CTC ACA GA-3Ј and 5Ј-ACT CCA GAT CGC AGG TCA A-3Ј for GFAP; 5Ј-GCA TGA TGA AGT TCA CTG TGG-3Ј and 5Ј-CAC ACC GAC GCA GGA ATA-3Ј for BiP; 5Ј-GCT TGC AAA CAC AGG AAA GA-3Ј and 5Ј-CCC AGA GGA AGT CAC TCC A-3Ј for ATF6; and 5Ј-TGA GCT GTG GAA GAA AGT GG-3Ј and 5Ј-GGT CTG GAG ATC TTG CTG GT-3Ј for OASIS.
Immunofluorescence Staining-Mouse primary astrocytes were cultured on a polylysine-coated coverslip (Sigma) in the presence of Dox for indicated lengths of time. The cells were washed with ice-cold PBS; fixed in 4% paraformaldehyde for 30 min; permeabilized in 0.5% Triton-X 100 for 30 min; and blocked in 5% BSA, 1% nonfat milk, and 0.3% Triton X-100 for 1 h. Following blocking, the cells were stained with mouse monoclonal anti-GFAP (1:200) at 4°C overnight and then goat anti-mouse secondary antibody Alexa Fluor 555 (1:500) at room temperature for 1 h. The nuclei of the cells were counterstained with 0.1 g/ml DAPI. Extensive washes with PBS were performed between steps. Omission of the primary antibody in parallel staining was included as a control to ensure no nonspecific staining.
For mouse and human brain tissues, paraffin-embedded sections (8 m) were prepared and placed on slides and deparaffinized in xylene twice, each for 10 min, and rehydrated in decreasing concentrations of ethanol (100, 95, and 70%), each for 10 min. The tissue slides were placed in the target retrieval solution (Dako) and treated at 95°C for 40 min. After cooling to the room temperature, the tissues were permeabilized in 0.2% Triton X-100 for 10 min and incubated in 0.3% H 2 O 2 for 30 min. The immunostaining was performed using a tyramide signal amplification kit according to the manufacturer's instructions (Invitrogen). For GFAP or BiP single staining, the tissues were stained with mouse anti-GFAP or mouse anti-KDEL antibody plus goat anti-mouse HRP followed by tyramide signal amplification. For GFAP and BiP double staining, the tissues were stained with rabbit anti-GFAP antibody (Dako) plus goat anti-rabbit HRP followed by tyramide signal amplification and then with mouse anti-KDEL followed by bovine anti-goat Alexa Fluor 555. The images were captured using an Olympus 2 microscope with a ϫ60 objective.
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl Tetrazolium Bromide (MTT) Assay-The neurotoxicity of the astrocyte culture supernatants was determined in SH-SY5Y or human primary neurons using the MTT assay. Human primary neurons or SH-SY5Y cells were plated in a 48-well plate at a density of 1 ϫ 10 5 cells/well and cultured for 2 days. The cells were exposed to culture supernatants (2:1 ratio) collected from astrocytes that were either transfected with plasmids or induced with Dox and continued to culture for an additional 3 days. MTT (5 mg/ml) was added directly to the culture medium to a final concentration of 1 mg/ml, and the cultures were incubated at 37°C for 4 h. The medium was then removed, and the purple crystal precipitates were dissolved in 200 l of acid-isopropyl alcohol (44 ml of isopropyl alcohol plus 6 ml of 0.2 N HCl). Aliquots of the acid-isopropyl alcohol solvent were transferred into the wells of a 96-well plate, and the optical density was determined using a microplate reader at a test wavelength of 490 nm and a reference wavelength of 650 nm and then used to represent the relative cell viability.
Data Acquisition and Analysis-The protein levels on Western blots were quantitated using ImageJ (National Institutes of Health), normalized to ␤-actin, except for phosphorylated eIF-2␣, which was normalized to total eIF-2␣, and calculated as -fold changes over the control. The protein levels upon immunofluorescence staining of human or mouse brain tissues were quantitated using ImageJ, divided by the number of nuclei, and calculated as -fold changes over the control. The data are representative of three or more independent repeats. All experimental data were analyzed by two-tailed Student's t test. A p value of Ͻ0.05 was considered to be statistically significant and shown as an asterisk; a p value of Ͻ0.01 was considered to be statistically highly significant and shown as a double asterisk.
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